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In this work, the biosynthesis and regulation of the
polyketide synthase/nonribosomal peptide syn-
thetase (PKS/NRPS)-derived mutagenic mycotoxin
fusarin C was studied in the fungus Fusarium fuji-
kuroi. The fusarin gene cluster consists of nine genes
(fus1–fus9) that are coexpressed under high-nitrogen
and acidic pH conditions. Chromatin immunoprecip-
itation revealed a correlation between high expres-
sion and enrichment of activating H3K9-acetylation
marks under inducing conditions. We provide evi-
dence that only four genes are sufficient for the
biosynthesis. The combination of genetic engineer-
ing with nuclear magnetic resonance and mass-
spectrometry-based structure elucidation allowed
the discovery of the putative fusarin biosynthetic
pathway. Surprisingly, we indicate that PKS/NRPS
releases its product with an open ring structure,
probably as an alcohol. Our data indicate that 2-pyr-
rolidone ring closure, oxidation at C-20, and, finally,
methylation at C-20 are catalyzed by Fus2, Fus8,
and Fus9, respectively.
INTRODUCTION
The fungus Fusarium fujikuroi causes ‘‘bakanae’’ disease of rice
due to its ability to produce gibberellins (GAs), a class of phyto-
hormones (Bo¨mke and Tudzynski, 2009). Beside GAs, F. fujikuroi
is capable of producing a variety of structurally diverse second-
ary metabolites such as pigments (Studt et al., 2012; Wiemann
et al., 2009) and mycotoxins, e.g., fusarin C. Fusarin C was first
isolated in North America from corn infected with F. moniliforme
Sheldon in 1981 (Wiebe and Bjeldanes, 1981). Later, fusarin C
was shown to be produced by different Fusarium species,
such as F. verticillioides, F. graminearum (Gelderblom et al.,Chemistry & Biology 20, 1055–1983, 1984), F. oxysporum (Cantalejo et al., 1999), and
F. fujikuroi (Dı´az-Sa´nchez et al., 2012), all occurring on different
host plants. Thus, the toxin is a potential contaminant in a variety
of food and feed sources. Our recent studies with a high-perfor-
mance liquid chromatography-tandem mass spectrometry
(HPLC-MS/MS) method for the determination of fusarin C in
food and feed samples revealed fusarin C contaminations in 40
of 50 different corn samples in Germany (Kleigrewe et al., 2011).
All fusarins (Figure 1) have a 2-pyrrolidone ring and a polyene
chain as key structural elements. Feeding studies with isotopi-
cally labeled precursors demonstrated that the heptaketide
side chain is linked to homoserine and forms an amide as inter-
mediate (Rees et al., 2007). Some fusarins do not contain an
epoxide on the pyrrolidone ring, e.g., fusarins A and D (Kleigrewe
et al., 2012b).
The first fusarin biosynthetic gene, FUSS, was cloned from
F. moniliforme and F. venenatum. This gene encodes an unusual
iterative type I polyketide synthase (PKS) fused to a non-
ribosomal peptide synthetase (NRPS) module. Although the
involvement of FUSS in fusarin C biosynthesis has been clearly
demonstrated, its immediate product was not identified (Song
et al., 2004). Later, the homolog of FUSS was identified in
F. graminearum (GzFUS1), F. verticillioides (fus1), and
F. fujikuroi (fusA), respectively (Brown et al., 2012a; Dı´az-Sa´n-
chez et al., 2012; Gaffoor et al., 2005). In F. verticillioides,
coregulation of eight genes adjacent to fus1 was shown by
microarray analysis (Brown et al., 2012b), but whether they are
involved in fusarin C biosynthesis remained unclear.
In F. fujikuroi, we have previously shown that the expression
of the FUSS homolog and fusarin C production are induced by
excess of nitrogen (Wiemann et al., 2010). Recently, we charac-
terized a second fusarin biosynthetic gene from F. fujikuroi, fus9,
encoding a methyltransferase that is responsible for the final
methylation of carboxy-fusarin C to form fusarin C. Carboxy-
fusarin C was shown to accumulate in the fus9 deletion mutant.
According to Kleigrewe et al. (2012a), carboxy-fusarin C was the
first described intermediate in this metabolic pathway. However,
function and regulation of additional biosynthetic genes have not
been characterized in any Fusarium species so far.1066, August 22, 2013 ª2013 Elsevier Ltd All rights reserved 1055
Figure 1. Structures of Naturally Occurring Fusarins and the Fusarin C Gene Cluster
(A) Fusarin C, fusarins D and A, epi-fusarin C, (10Z)-fusarin C, (8Z)-fusarin C, (6Z)-fusarin C, dihydrofusarin C, and open-chain fusarin C.
(B) The fusarin genes fus1–fus9 are depicted as black boxes. The border genes (FFUJ_10049 and FFUJ_10059) are presented in gray. White bars show the
positions of the introns, and the arrows indicate the direction of transcription.
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Fusarin Biosynthesis in Fusarium fujikuroiIn this article, we present the identification and functional char-
acterization of the entire fusarin C biosynthesis gene cluster. By
combining single and multiple gene deletions, overexpression of
cluster genes, cocultivation of knockout mutants with different
genetic blocks, and subsequent chemical analysis of the inter-
mediates, we provide evidence that only four of the nine coregu-
lated cluster genes (fus1, fus2, fus8, and fus9) are sufficient for
fusarin C biosynthesis. High-resolution tandem MS (HRMS)-
based structure elucidation and/or nuclear magnetic resonance
(NMR) analysis of culture filtrates from the wild-type (WT) and
Dfus2, Dfus8, Dfus9 or Dfus2-9 mutants enabled us to identify
the relevant intermediates of the fusarin C biosynthesis and to
present a model of the biosynthetic pathway. In addition, we
show that high levels of fus gene expression correlate with1056 Chemistry & Biology 20, 1055–1066, August 22, 2013 ª2013 Elhigh levels of H3K9 acetylation across the fusarin gene cluster
and concomitant fusarin production under acidic high nitrogen
conditions.
RESULTS
The Fusarin Gene Cluster in F. fujikuroi Consists of Nine
Coregulated Genes
In the recently sequenced genome of F. fujikuroi strain IMI58289
(Wiemann et al., 2013), we identified eight genes (fus2–fus9)
adjacent to the known hybrid PKS/NRPS-encoding gene, called
fus1 (Table 1). Deduced proteins show similarity to an a/b hydro-
lase with a predicted peptidase domain (fus2), a glutathione
S-transferase (fus3), a peptidase A1 (fus4), a serine hydrolasesevier Ltd All rights reserved
Table 1. The Fusarin Biosynthetic Genes, Neighboring Genes, and Their Predicted Functions
Gene Name (Accession Number)a Length (bp) Predicted Functionb
FFUJ_10059 1,099 Unknown function, probably not belonging to the fusarin gene cluster
fus1 (FFUJ_10058) 11,857 Polyketide synthase/nonribosomal peptide synthetase
fus2 (FFUJ_10057) 1,260 Related to a putative a/b hydrolase, probably involved in the 2-pyrrolidone ring
formation
fus3 (FFUJ_10056) 726 Subunit of elongation factor 1B, not essential for fusarin biosynthesis
fus4 (FFUJ_10055) 1,239 Peptidase A1, not essential for fusarin biosynthesis
fus5 (FFUJ_10054) 702 Serine hydrolase FSH, not essential for fusarin biosynthesis
fus6 (FFUJ_10053) 1,685 MFS transporter, not essential for fusarin biosynthesis
fus7 (FFUJ_10052) 1,754 Aldehyde dehydrogenase, not essential for fusarin biosynthesis
fus8 (FFUJ_10051) 1,644 Cytochrome P450, probably responsible for the successive oxidation at C-20 to form
the carboxylic acid group
fus9 (FFUJ_10050) 1,116 Methyltransferase, responsible for the methylation of the hydroxyl group at C-21
FFUJ_10049 1,132 Unknown function, probably not belonging to the fusarin gene cluster
aGenes in bold type belong to the gene cluster.
bPredicted functions in bold type are responsible for the biosynthesis of fusarin C.
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Fusarin Biosynthesis in Fusarium fujikuroifamily of serine hydrolases (FSH) (fus5), a major facilitator super-
family (MFS) transporter (fus6), an aldehyde dehydrogenase
(fus7), a cytochrome P450 mono-oxygenase (fus8), and the
recently characterized methyltransferase (fus9) (Kleigrewe
et al., 2012a).
Initial expression studies revealed an upregulation of all nine
fus genes under nitrogen-sufficient conditions (Figure 2A). The
border genes, FFUJ_10059 and FFUJ_10049, are not expressed
under these inducing conditions, suggesting that only the nine
coregulated genes, fus1–fus9, belong to the fusarin gene cluster.
Regulation of Fusarin Gene Expression
To study the expression of fusarin genes in more detail, we
cultivated the WT in a synthetic medium with different nitrogen
sources that cause different ambient pH conditions and studied
fus gene expression and fusarin production (Figure 2B). The
fus genes were highly expressed in media with 60 mM gluta-
mine (acidic pH) but downregulated in media with adequate
amounts of NaNO3 (alkaline pH), indicating a nitrogen- as well
as a pH-dependent gene expression. Chemical analysis of the
corresponding cultures supported these results (Figure 2B).
Cultivation of the WT in a laboratory fermenter with 60 mM gluta-
mine and constant pH adjusted to either pH 4 or pH 8 confirmed
that the fus genes are only expressed under acidic conditions
(data not shown).
Next, we determined whether the fungal pH-responsive
Cys2His2 zinc finger transcription factor PacC is involved in pH
regulation, as recently shown for the bikaverin genes, which
are repressed by PacC under alkaline conditions (Wiemann
et al., 2009). However, northern blot analysis revealed no differ-
ence in pH-dependent fus gene expression between theWT and
the DpacC mutant under both acidic and alkaline pH conditions
(Figure 2C). Taken together, these data demonstrate that
expression of the fus genes and subsequent production of fusar-
ins are induced under acidic conditions in a PacC-independent
manner.
To study the potential impact of the nitrogen-responsive tran-
scription factors AreA, AreB, and MeaB, as well as the glutamineChemistry & Biology 20, 1055–synthetase (GS), all previously shown to be involved in transcrip-
tional regulation of secondary metabolism in F. fujikuroi (Wie-
mann and Tudzynski, 2013), we examined the expression of
fus genes in the WT and areA, areB, meaB, and gln1 deletion
mutants under optimal production conditions (60 mM glutamine,
acidic pH). Our data show that the expression of fus genes is not
significantly affected in the areA, areB, and meaB deletion
mutants, while it is totally abolished in the Dgln1 mutant (Fig-
ure S1A available online). These results demonstrate that the
GS not only is essential for biosynthesis of GAs and bikaverin
(Wiemann and Tudzynski, 2013) but also seems to play a role
as a general regulator of secondary metabolism in F. fujikuroi.
In many fungi, the fungal-specific Velvet protein complex
consisting of at least three proteins, VelA, VelB, and the putative
histone methyltransferase LaeA, was shown to be involved in
regulation of differentiation and secondary metabolism (Bayram
and Braus, 2012). In F. fujikuroi, these proteins were shown to
affect the GA and bikaverin biosynthesis (Wiemann et al.,
2010). Here, we demonstrate that fusarin production was
reduced in all three deletion mutants (Dvel1, Dvel2, and Dlae1),
indicating that the Velvet complex acts as activator of fusarin
cluster genes (Figure S1B).
High Fusarin Gene Expression Correlates with H3K9
Acetylation across the Gene Cluster
The fusarin biosynthetic gene cluster in F. fujikuroi is located
within the subtelomeric region of chromosome IX (Wiemann
et al., 2013). These chromosome regions are often subject to
regulation by posttranslational modification of histones,
including acetylation or methylation of the N-terminal tail of
histone H3 (Cichewicz, 2010; Gacek and Strauss, 2012; Smith
et al., 2012). The presence of histone acetylation is considered
a bona fide mark for active gene expression (Bannister and Kou-
zarides, 2011). In order to show whether the contrasting expres-
sion of fus genes under high- and low-nitrogen conditions is
linked with the chromatin landscape across the fusarin gene
cluster, we performed chromatin immunoprecipitation (ChIP) ex-
periments followed by high-throughput sequencing (ChIP-seq).1066, August 22, 2013 ª2013 Elsevier Ltd All rights reserved 1057
Figure 2. Regulation of Fusarin C
(A) Coregulation of the putative fus gene cluster. The WT strain IMI58289 was grown for 2 days in either 6 mM glutamine (N) or 60 mM glutamine (N+). The
northern blot was hybridized with the putative fus genes (fus1–fus9) and the border genes FFUJ_10059 and FFUJ_10049 of the putative fusarin gene cluster.
rRNA, ribosomal RNA.
(B) Glutamine (gln) is needed for fusarin production and gene expression. HPLC-DADmeasurement of theWT grown for seven days in 120 mMNaNO3 or 60 mM
glutamine. Bars represent the SD of three independent biological repeats. WT was grown in 120 mM NaNO3 or 60 mM glutamine for 3 days for the northern blot.
The hybridization was done with fus8; mAU, milliabsorbance unit.
(C) The gene expression is influenced by pH and independent of the pH-regulator PacC. TheWT and theDpacC strain were grown for 2 days in 60mM glutamine.
The mycelia were washed after harvesting and then shifted into N+ media appointed to pH 4 or pH 8. After 2 hr, the mycelia were harvested again. For probing of
the northern blot fus3, fus7, and fus9 were used.
(D) The biosynthetic gene cluster of fusarin C. The cluster of the fusarins consists of nine genes. ChIP-seqwas conducted for theWT grown for 3 days under N or
N+ conditions. The fusarin cluster is enriched for the acetylation of histone 3 at lysine 9 (H3K9ac) under fusarin-favoring conditions.
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Fusarin Biosynthesis in Fusarium fujikuroiThe WT was grown for 3 days under fusarin-inducing (60 mM
glutamine), as well as -repressing (6 mM glutamine) conditions,
and the level of acetylation of histone 3 at lysine 9 (H3K9ac)
was compared. Indeed, the presence of the histone mark
H3K9ac was correlated with gene expression across the fusarin
gene cluster at the high-nitrogen-inducing condition, while
H3K9ac was significantly less enriched under the repressing
low-nitrogen conditions (Figure 2D).
Only Four Genes of the fus Cluster Are Required for
Fusarin C Biosynthesis
To study the function of each fus gene in fusarin biosynthesis, we
generated single deletion mutants for all fus cluster genes (Dfus1
toDfus9) (Figure S2; primers used for thesemutants are shown in
Table S1). In addition, we deleted a 15 kilobase (kb)-genomic re-
gion containing fus2–fus9, resulting in a Dfus2-9mutant that has
lost all genes except for the PKS/NRPS-encoding gene, fus1. To
be sure that the deletion of a single fus gene does not affect the
expression of the other fus genes as shown for the bikaverin1058 Chemistry & Biology 20, 1055–1066, August 22, 2013 ª2013 Elbiosynthetic genes (Wiemann et al., 2009), we studied the
expression of the remaining cluster genes in all mutants under
optimal production conditions (Figure 3). Single fus gene dele-
tions did not affect the expression of any other fus gene, which
is an essential prerequisite for the identification of possible inter-
mediates accumulating in the single deletion mutants.
Putative fusarin intermediates were identified by HPLC
coupled with UV detection and Fourier transform mass spec-
trometry (HPLC-UV-FTMS/MS) and by HPLC with diode array
detection (HPLC-DAD). Newmetabolites were isolated, and their
structures were then elucidated by NMR. In cases where only
low amounts of intermediates were secreted by the mutant
strains, HPLC, in combination with FTMS/MS fragmentation,
was used for unequivocal structure elucidation. Previous studies
of Engemann et al. could show that this is a good tool for struc-
ture elucidation (Engemann et al., 2012).
As expected, Dfus1 and Dfus2-9 deletion mutants that have
lost the PKS/NRPS-encoding gene fus1 or all cluster genes
except for fus1, respectively, did not produce any fusarin Csevier Ltd All rights reserved
Figure 3. No Influence of the fus Gene Deletions on the Expression
of the Remaining Genes
WTand the single deletionmutants of the fus gene cluster, including theDfus2-
9 strain, were grown for 2 days in 60 mM glutamine. After harvesting, a
northern blot was performed. The blot was hybridized with the indicated
probes (fus1–fus9).
See also Figures S2 and S3.
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Fusarin Biosynthesis in Fusarium fujikuroi(Figure 4). Cocultivation of these two mutants fully restored
fusarin C production, indicating that the product of the PKS/
NRPS was secreted by the Dfus2-9 mutant, taken up by the
Dfus1 mutant, and further metabolized by the gene products of
Fus2 to Fus9 (Figure 5A).
In contrast, we identified WT-like levels of fusarins in the
Dfus3, Dfus4, Dfus5, Dfus6, and Dfus7 strains, demonstrating
that Fus3, Fus4, Fus5, Fus6, and Fus7 are not essentially
involved in fusarin biosynthesis (Figure 4; Figure S3). However,
products were found in the culture filtrates of Dfus2, Dfus8,
and Dfus9. Previously, we have shown that the Dfus9 mutant
accumulates carboxy-fusarins, demonstrating that Fus9 is a
methyltransferase responsible for the methylation of the
carboxyl group at C-20 (Kleigrewe et al., 2012a; 1H NMR and
13C NMR analyses in Figure S4). In summary, we identified inter-
mediates only in Dfus2, Dfus8, Dfus9, and Dfus2-9 mutants,
while the remaining cluster genes fus3–fus7 seem not to be
essentially involved in fusarin biosynthesis.
Evidence for a PKS/NRPS Product Release Mechanism
without 2-Pyrrolidone Ring Closure
It is surprising that the Dfus2-9 deletion mutant did not release
a single product. HPLC-FTMS/MS measurements revealed
several structurally similar compounds with the same mass-to-
charge ratio (m/z) and similar fragmentation patterns that
support an open 2-pyrrolidone ring structure (Figure S5). All in-
termediates possess 22 C atoms and 1 N atom but differ in theChemistry & Biology 20, 1055–amount of O and H atoms attached to themolecule. Despite their
low amounts, we were able to confirm the structures by detailed
NMR and MS experiments (details are explained in Supple-
mental Information and in Figures S6–S11). According to our
data, the PKS part of the hybrid enzyme is responsible for the for-
mation of the pentaene chain with methyl groups at positions
C-24, C-23, C-22, and C-20 that are most likely inserted into
the molecule by the C-methyltransferase domain of the PKS.
The NRPS part then connects homoserine to the methylated
pentaene chain. The wide variety of compounds will be dis-
cussed later.
Based on literature data, it was assumed that the PKS/NRPS
product is released either as free aldehyde that subsequently
undergoes an intramolecular aldol condensation forming the 2-
pyrrolidone ring or as an already elaborated ring via an intramo-
lecular Claisen condensation (Boettger and Hertweck, 2013;
Cox, 2007; Song et al., 2004). However, our detailed structure
elucidations indicate that all accumulated products identified in
the Dfus2-9 deletion mutant bear a hydroxyl group at the C-14
atom, suggesting their release as an alcohol.
Structural Identification of the Biosynthetic
Intermediates Produced by the Dfus2 Mutant
In contrast to the Dfus2-9 deletion mutant, HPLC-DAD chro-
matograms revealed the accumulation of only one fusarin-
related product in the Dfus2-mutant (Figure 4).
To predict the structure of this molecule produced by the
Dfus2 mutant, the accurate mass of the sodium adduct,
[C22H33NO5+Na]
+, and its product ion spectrum were compared
to those of fusarin C (Figure S12A and Figure S13A). By using the
fragmentation mechanism for polyenes, no fusarin-like fragment
ion with anm/z of 290.0999 was observed; instead, the fragment
ion with anm/z of 278.1363 [C13H21NO4+Na]
+ was observed for
this molecule. The neutral loss resulting in this fragment
accounts to C9H12O. In comparison to fusarin C and carboxy-
fusarin C, which lose C10H12O2 and C9H10O2, respectively, one
carbon and one oxygen atom are missing (Figures S12 and
S13). These data suggest that a hydroxyl group instead of a car-
boxy group is attached to theC-20 atom. Furthermore, the corre-
lating fragment ion with an m/z of 278.1363 carries two double
bond equivalents less than the fragment ion of fusarin A, which
has an m/z of 274.1050, indicating modifications of the 2-pyrro-
lidone ring. Taking into account that homoserine is incorporated
into the fusarin C molecule (Rees et al., 2007), and based on the
FTMS/MS fragmentation data, we predict similar open ring
structures for the products accumulating in the Dfus2-9 and
Dfus2mutants. The different degrees of oxidation are most likely
due to the presence of Fus8 (putative P450 mono-oxygenase) in
the Dfus2 mutant that is missing in the Dfus2-9 mutant (Fig-
ure S12B). These data suggest that Fus2 is probably involved
in the 2-pyrrolidone ring formation.
In order to confirm the accuracy of the predicted structures of
the molecules isolated from the mutants, NMR studies were per-
formed. The product of Dfus2 was isolated by RP-HPLC-UV as
described elsewhere (Kleigrewe et al., 2012a). The 1H NMR
analyses of fusarin C and the new compound, 20-hydroxy-prefu-
sarin, demonstrate that the polyene chain has no modifications
from the H-9 atom to the H-4 atom (Figure S14). In addition, all
methyl groups of the polyene chain (H-22, H-23, H-24) are1066, August 22, 2013 ª2013 Elsevier Ltd All rights reserved 1059
Figure 4. Analysis of the WT and the Single
fus1, fus2, fus8, fus9, and fus2-9 Deletion
Strains
The strains were grown for 4 days in 60 mM
glutamine. Pictures of the individual strains and
HPLC-UV measurement of the supernatant of
the cultivated strains. The numbers in the
chromatograms represent the compounds. 1, di-
hydrofusarin C; 2, epi-fusarin C; 3, fusarin C; 4,
fusarin D; 5, 20-hydroxy-prefusarin C.
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C-20 atom. Additionally, 13C NMR analyses were performed
(Figure S15). Heteronuclear multiple-bond correlation and he-
teronuclear multiple-quantum correlation NMR experiments
demonstrated that the C-14 and C-20 atoms are substituted
by hydroxyl groups (Figure S16; more 1H NMR and 13C NMR
analyses are shown in Figure S17). These results support our
predictions that (1) Fus1 releases its product(s) with an open 2-
pyrrolidone ring and (2) the Fus1 products have a hydroxyl group
instead of an aldehyde group attached to the C-14 atom. It is
interesting that the C-15 atom of 20-hydroxy-prefusarin is not
hydroxylated in contrast to the C-15 atom of fusarin C.
To demonstrate that the putative P450mono-oxygenase Fus8
can use the Fus1 product as a substrate, fus8 was over-
expressed in the Dfus2-9 mutant. It is interesting that the
Dfus2-9/OE::fus8 strain produced the same stable open-ring
compound as Dfus2, 20-hydroxy-prefusarin (Figure S18).
Taken together, Fus1 seems to release highly unstable prod-
ucts when none of the other cluster enzymes is present. One
of these products (prefusarin) can be hydroxylated by Fus8, re-
sulting in production of 20-hydroxy-prefusarin. The predicted
FTMS/MS-based fragmentation patterns were confirmed by
NMR. The polyene chain of this molecule is complete, and
homoserine is attached to it. However, the C-20 atom is not
oxidized to the carboxy group present in fusarin C, and the 2-pyr-
rolidone ring appears in its open form, indicating that the ring
must be closed prior to further oxidation processes at C-20. As1060 Chemistry & Biology 20, 1055–1066, August 22, 2013 ª2013 Elsevier Ltd All rights resediscussed later, we propose that these
oxidations are also catalyzed by Fus8.
Fus8 Is Involved in C-20 Oxidation
but Not in 2-Pyrrolidone Ring
Closure
Next, we analyzed the product spectra in
cultures of the fus8 deletion mutant by
HPLC-UV-FTMS/MS (Figure S19). The
analysis revealed several small peaks
similar to those of Dfus2-9. The extracted
ion trace of [C22H29NO5+Na]
+ with anm/z
of 410.1943 showed two peaks which
elute close to each other (Figure S19A).
The fragmentation of these compounds
revealed the characteristic fusarin-like
fragment ion with an m/z of 290.0999,
indicating that the 2-pyrrolidone ring is
fully developed in contrast to the prod-
ucts of Fus1. Additionally, the two peakscan be explained by the typical epimerization reaction of fusarin
C to epi-fusarin C (Kleigrewe et al., 2012b). Since the neutral loss
of the fragment accounts for C9H12, the C-20 atomof the polyene
chain is not hydroxylated, most likely because of the missing
putative P450 mono-oxygenase Fus8 (Figure S19). Based on
these results, structures of molecules with an m/z of 410.1943
were identified and, hence, named decarboxy-fusarin C.
A further hint for this fully elaborated 2-pyrrolidone ring was
obtained by the extracted ion trace of [C22H31NO5+Na]
+ with
an m/z of 412.2094, which showed another peak that elutes
earlier than decarboxy-fusarin C (Figure S19B). The product
ion spectrum reveals the dihydrofusarin C-like fragment ion
with an m/z of 292.1155. Thus, this peak can be assigned to
decarboxy-dihydro-fusarin C, as it is known that dihydrofusarin
C elutes earlier than fusarin C (Figure 4). Furthermore, in the cul-
ture filtrate of Dfus8, prefusarin is detectable (Figure S19C).
Another compound with a closed ring structure was tentatively
identified as decarboxy-monohydroxy-fusarin C (Figure S19D).
With the use of MS alone, it was not possible to predict the
position of the hydroxyl group at the 2-pyrrolidone ring. Since
only small amounts of these intermediates were formed by
Dfus8, we were unable to obtain NMR data. However, the
obtained high-resolution MS data, in combination with the char-
acteristic fragmentation pattern of fusarins, strongly support the
proposed structures. These results suggest that Fus8 can cata-
lyze varying oxidation steps during fusarin C biosynthesis. In the
Dfus8, mutant small amounts of several decarboxy-fusarins withrved
Figure 5. Fusarin Production Could Be Restored via Cocultivation
and Only fus1, fus2, and fus8 Are Required for Production of Car-
boxy-fusarin C
(A) WT,Dfus1, and cocultivation ofDfus1 and Dfus2-9were grown for 4 days in
N+. The supernatant of the cultures was directly used for measurements with
HPLC-DAD (1, dihydrofusarin C; 2, epi-fusarin C; 3, fusarin C; 4, fusarin D).
(B) The strains were grown for 4 days in N+. The supernatants were measured
via HPLC-MS, and the extractedmasses at 363 nm are shown. Each approach
showed production of the precursor of fusarin C: 6, carboxy-fusarin C. The
deletion mutant of fus9 as a control, fus2, and fus8 are overexpressed in the
background of the Dfus2-9 mutant (only fus1, fus2, and fus8 are expressed in
this mutant), and cocultivation of the Dfus2-9/OE::fus2 and the Dfus2-9/
OE::fus8 strains are shown.
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catalyzed by Fus2. To confirm this hypothesis, we over-
expressed either fus2 (Dfus2-9/OE::fus2) or fus8 (Dfus2-9/OE::
fus8) in the Dfus2-9 mutant and analyzed the structures of the
accumulated compounds. Overexpression of fus8 led to the
accumulation of a single product, 20-hydroxy-prefusarin,
the same as for the Dfus2 mutant. On the other hand, the
Dfus2-9/OE::fus2 mutant, which expresses only fus1 and fus2,
did not accumulate a distinct intermediate but low amounts of
products with a closed ring structure identical to the ones de-
tected in the Dfus8 mutant.
Fus1, Fus2, Fus8, and Fus9 Are Sufficient for Fusarin
Production
As the deletion of genes fus3 to fus7 did not prevent fusarin for-
mation, we could show that these genes are not essentially
involved in fusarin biosynthesis. To finally confirm that only four
of the nine genes of the gene cluster are needed for the fusarin
C production, we overexpressed both fus2 and fus8 in the back-
ground of the Dfus2-9 mutant. The generated mutant Dfus2-9/
OE::fus2/OE::fus8 expressed only three of the nine cluster
genes: fus1, fus2, and fus8. As a control, the Dfus9 mutant that
is able to perform the entire biosynthetic pathway except for
the last methylation step at C-20 was cultivated under the
same conditions. As expected, the double overexpressionChemistry & Biology 20, 1055–mutant produced carboxy-fusarins, as did the Dfus9 mutant. A
cocultivation of Dfus2-9/OE::fus2 and Dfus2-9/OE::fus8 resulted
in production of carboxy-fusarins (Figure 5B), substantiating our
hypothesis that Fus1, Fus2, Fus8, and Fus9 are sufficient for the
fusarin C biosynthesis.
In summary, based on structure elucidation of the molecules
accumulated by knockout and overexpression mutants or by
cocultivation of different mutants, we propose a scheme for
fusarin C biosynthesis in F. fujikuroi (Figure 6). From these
results, we conclude that the PKS/NRPS is responsible for the
condensation of one acetyl-coenzyme A (CoA) unit with six
malonyl-CoA units and the amide linkage of the arising heptake-
tide and homoserine, subsequently releasing the first intermedi-
ate as an alcohol (prefusarin, 7) with an open ring structure. Fus8
participates in multiple oxidation processes at carbon C-20 and
is able to use the Fus1 product as substrate, resulting in forma-
tion of 20-hydroxy-prefusarin (5). This reaction seems to be
essential before the 2-pyrrolidone ring closure can be catalyzed
by Fus2, generating 20-hydroxy-fusarin (8*). Fus8 is able to
further oxidizes carbon C-20 after ring closure, resulting in the
formation of carboxy-fusarin C (6). As the last step, Fus9 methyl-
ates the hydroxyl group at C-21 to generate fusarin C (3)
(Figure 6). Fusarin C can then rearrange to epi-fusarin C, the
(z)-isomers, and fusarin A and fusarin D.
DISCUSSION
The Nine Coregulated Genes of the Fusarin Gene
Cluster Are Regulated on Transcriptional and
Epigenetic Levels
In this study, we have identified and characterized the fusarin
biosynthetic gene cluster by different approaches. By deletion
of the PKS/NRPS-encoding gene fus1, we confirmed that this
gene is essential for fusarin biosynthesis, as it had been shown
before for other Fusarium species (Brown et al., 2012b; Dı´az-
Sa´nchez et al., 2012; Gaffoor et al., 2005). In addition, we
demonstrated that eight adjacent genes (fus2 to fus9) are core-
gulated with fus1 under nitrogen-sufficient conditions, while
the left and right border genes (FFUJ_10049 and FFUJ_10059)
are not expressed under any of those conditions. In contrast to
the secondary metabolites in F. fujikuroi studied so far, the
biosynthesis of fusarins is induced under high nitrogen
conditions. In contrast the GA biosynthetic genes (Bo¨mke and
Tudzynski, 2009) and the biosynthetic genes for two red PKS-
derived pigments, bikaverin (Wiemann et al., 2009) and fusaru-
bins (Studt et al., 2012), are only expressed under nitrogen-
limiting conditions.
Because of the fact that there is no obvious transcription fac-
tor-encoding gene present in the fusarin cluster, we studied the
possible impact of known nitrogen-responsive transcription fac-
tors, such as AreA, AreB, and MeaB, in nitrogen-induced fus
gene expression. However, in contrast to the AreA- and AreB-
dependent nitrogen starvation-induced expression of GA genes
(Wiemann and Tudzynski, 2013), expression of the fus genes
was not significantly affected in the areA, areB, and meaB dele-
tion mutants. It is surprising that the presence of a functional GS
enzyme is essential not only for the nitrogen-repressed biosyn-
thesis of GAs and bikaverin (Wiemann and Tudzynski, 2013)
but also for the production of the nitrogen-induced fusarins.1066, August 22, 2013 ª2013 Elsevier Ltd All rights reserved 1061
Figure 6. Identified Structures of the Super-
natants of Knockout Mutants and the Pro-
posed Fusarin Biosynthetic Pathway
(A) Prefusarin, 20-hydroxy-prefusarin, decarboxy-
fusarin C, and carboxy-fusarin C were found in the
Dfus2-9, Dfus2, Dfus8, and the Dfus9 mutants,
respectively.
(B) After the PKS/NRPS forms prefusarin (7), the
putative P450 mono-oxygenase Fus8 oxidizes at
C-20 to form 20-hydroxy-prefusarin (5). After that,
the putative multifunctional enzyme Fus2 is
involved in the formation of the 2-pyrrolidone ring,
the oxidation at C-15, and the epoxidation at C-13
and C-14 (20-hydroxy-fusarin, 8*). Then, Fus8
oxidizes C-20 to form the carboxylic acid group
(carboxy-fusarin C, 6). The last step is the
methylation by the methyltransferase Fus9 of the
hydroxyl group of C-21 to form fusarin C (3).
See also Figures S4–S23.
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for a PacC-independent pH regulation of fus gene expression
that is similar to the PacC-independent pH regulation of the
fusarubin biosynthetic genes (Studt et al., 2012). In contrast, bi-
kaverin gene expression is strictly repressed by PacC under
alkaline conditions, which is in contrast to the role of PacC as
activator of alkaline-induced genes in A. nidulans (Tilburn et al.,
1995).
As no potential regulatory genes are present in the fusarin
gene cluster, the existence of transcription factors outside the1062 Chemistry & Biology 20, 1055–1066, August 22, 2013 ª2013 Elsevier Ltd All rights resegene cluster that regulate nitrogen and
pH-dependent regulation of fus genes
is highly likely. Searching for common
sequence motifs in the promoters of the
nine genes revealed one specific
sequence motif, CCATNTT, that is known
as a binding site of Ying Yang-1 (YY1)
transcription factors in mammals (Shriv-
astava and Calame, 1994). We found
one potential homolog in the genome of
F. fujikuroi that contains a YY1-like
DNA-binding zinc finger domain. The
potential role of this transcription factor
in the fusarin biosynthesis is currently un-
der investigation.
In past years, the importance of the
fungal-specific Velvet complex for regu-
lation of sexual and asexual development
as well as secondary metabolism has
been demonstrated in several fungi
(Bayram and Braus, 2012), including
F. fujikuroi, where the GA and bikaverin
biosynthesis are strongly affected in the
Dvel1, Dvel2, and Dlae1 mutants (Wie-
mann et al., 2010). Here, we show that
the global regulators Vel1, Vel2, and
Lae1 act as activators of fusarin biosyn-
thesis, as also shown for F. verticillioides
(Butchko et al., 2012; Myung et al.,2009). The molecular mechanism of how components of the
Velvet complex regulate several secondary metabolites in fungi
remains to be investigated, but the involvement of histone mod-
ifications is very likely (Strauss and Reyes-Dominguez, 2011). In
general, histone acetylation is associated with transcriptional
activation (Bannister and Kouzarides, 2011), but details of the
underlying mechanisms remain unknown. Here, we show that
a high level of H3K9 acetylation is present across the fusarin
cluster under inducing conditions but almost completely missing
under repressing conditions. A similar correlation betweenrved
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aflatoxin and orsellinic acid gene clusters in A. parasiticus and
A. nidulans, respectively, underscoring the importance of acety-
lation for transcriptional activation in other fungal species (Nu¨tz-
mann et al., 2011).
Biosynthesis of the Fusarins: Four Genes Are Required
It is well known that structure elucidation of biosynthetic interme-
diates of the fusarin pathway is challenging because of the
chemical instability, rapid rearrangements, and subsequent
large number of final products (Figure 1) (Barrero et al., 1991; Eil-
bert et al., 1997; Kleigrewe et al., 2012b; Savard andMiller, 1992;
Steyn and Vleggaar, 1985; Zhu and Jeffrey, 1992). However,
creating single and multiple deletions and overexpression
mutants of fusarin cluster genes, we were able to discover
fusarin-related molecules that could constitute intermediates of
the biosynthetic pathway.
One of themost surprising results we observed is that only four
of the nine genes are sufficient for fusarin biosynthesis. Deletion
mutants Dfus3, Dfus4, Dfus5, Dfus6, and Dfus7 were still able to
produce WT-like levels and composition of fusarins (Figure S3).
Even Fus6, which shows significant similarity to proteins of an
MFS of transporters, seems not to be essential for the transport
of fusarins, intermediates, or precursors through a plasmamem-
brane, as we detected WT-like levels of fusarins in the culture
fluid of the Dfus6 mutant. Furthermore, the Dfus2-9 mutant
only expressing fus1 was able to secrete prefusarin and related
compounds, despite the missing putative MFS transporter Fus6
(Figure 5A). A similar phenomenon has been observed for the
transporter-encoding genes bik6 and fum19 of the bikaverin
and fumonisin gene clusters in F. fujikuroi and F. verticillioides,
respectively (Proctor et al., 2003; Wiemann et al., 2009).
To confirm that five genes, fus3–fus7, have no obvious func-
tion in fusarin biosynthesis or regulation of fus gene expression,
we applied two alternatives approaches: (1) we overexpressed
both fus2 and fus8 in the multiple Dfus2-9 deletion mutant,
resulting in a strain that expresses only fus1, fus2, and fus8;
and (2) we cocultivated two mutants that overexpress either
fus2 (Dfus2-9/OE::fus2) or fus8 (Dfus2-9/OE::fus8) in the Dfus2-
9 background. Both procedures resulted in the formation of
carboxy-fusarin C, the substrate of Fus9. These results demon-
strate that only four genes of the fusarin gene cluster encoding a
PKS/NRPS hybrid (Fus1), an a/b hydrolase-like enzyme with
assumed ring closure activity (Fus2), a cytochrome P450
mono-oxygenase (Fus8), and amethyltransferase (Fus9) are suf-
ficient for the biosynthesis.
Identification of the PKS/NRPS Product
PKS and PKS/NRPS fusion proteins can release their products in
different ways, depending on the ‘‘release domain.’’ For the for-
mation of pyrrolidone rings, mainly two routes are discussed in
literature (Boettger and Hertweck, 2013; Song et al., 2004):
Either the PKS/NRPS product is released as an aldehyde that
undergoes a Knoevenagel condensation, or the enzyme-bound
product undergoes a direct Claisen cyclisation. It is interesting
that our identification of prefusarin as PKS/NRPS product does
not confirm any of these postulated routes. Our data let us
conclude that the Dfus2-9 mutant does not release molecules
harboring an aldehyde but instead accumulates a set of similarChemistry & Biology 20, 1055–prefusarins (Figure S10) all showing a characteristic hydroxyl
group at C-14. Of note, heterologous expression of Fus1 in
Aspergillus also did not reveal a single product but a mixture of
structurally similar compounds instead (R. Cox, personal
communication). However, although our data indicate that
Fus1 releases its product as an unstable alcohol, we cannot fully
exclude that the PKS/NRPS releases its product as an aldehyde
that is directly reduced to an alcohol by an unspecific reductase
reaction.
The proposed open ring structure of prefusarin was further
confirmed by identification of the product of the Dfus2 mutant.
This mutant accumulates a single intermediate, 20-hydroxy-
prefusarin, a compound that is concordant with prefusarin
regarding the hydroxyl group at C-14 and the open ring (Figure 6;
FigureS13). Theonlydifference is theadditional hydroxyl groupat
the C-20 position, which is most likely introduced by the P450
mono-oxygenase Fus8 and seems to stabilize the structure, as
nootherproductshavebeen found. Thisassumption is supported
by the detection of 20-hydroxy-prefusarin also in the Dfus2-9/
OE::fus8 strain. The Dfus2-9/OE::fus8 strain has only two genes
of the fusarin cluster left (only fus1 and fus8 are expressed). A
similar release mechanism was also shown for myxochelin, a
siderophore produced by the myxobacterium Stigmatella auran-
tiaca (Staunton andWilkinson, 2001), and for lyngbyatoxins from
the cyanobacteria Lyngbya majuscula (Edwards and Gerwick,
2004). Only recently, Fujii et al. reported that heterologous
expression of the cytochalasin PKS-NRPS hybrid gene ccsA
and the trans-acting enoyl-CoA reductase gene ccsC also re-
sulted in the formation of an alcohol instead of an aldehyde or
the Claisen condensation product (Fujii et al., 2013).
In the presence of Fus8, prefusarin is immediately metabolized
to a more stable intermediate, 20-hydroxy-prefusarin. In the
Dfus2-9 and Dfus8 deletion mutants, prefusarin is unspecifically
hydroxylated to slightly modified prefusarin-like products.
Despite the low amounts of these products, structure elucidation
of some of these prefusarin-like compounds (2,3-dihydroxy-pre-
fusarin, 4,5-dihydroxy-prefusarin, 2,3-epoxy-prefusarin; Fig-
ure S11) confirmed the postulated backbone of prefusarin: all
of them revealed the open ring structure and the hydroxyl group
at position C-14. The polyene chains of 2,3-dihydroxy-prefusarin
and 4,5-dihydroxy-prefusarin carry additional hydroxyl groups
that are vicinal to each other, and the polyene chain of 2,3-
epoxy-prefusarin carries an epoxide group (Figure S11). From
a biosynthetic point of view, the vicinal hydroxylations of the
polyene chain are not explainable, since hydroxyl groups are
normally located in a 1-3 distance in PKS-derived secondary
metabolites (Cox, 2007). One possible explanation is that the
PKS/NRPS product is unspecifically metabolized over time,
since the composition of compounds detected in the HPLC-
DAD chromatogram (Figure S20) changed with increasing culti-
vation time. It is known that several fungi are able to modify/
detoxify polycyclic aromatic hydrocarbons by epoxidation. The
resulting epoxides are unstable and are either hydrated by
epoxide hydrolases to trans-dihydrodiols or are rearranged non-
enzymatically to phenols (Sutherland, 1992).
In addition, beside the fully characterized compounds 2,3-di-
hydroxy-prefusarin, 4,5-dihydroxy-prefusarin, and 2,3-epoxy-
prefusarin (Figures S21–S23), the HPLC-FTMS chromatogram
of the Dfus2-9 mutant revealed further compounds with the1066, August 22, 2013 ª2013 Elsevier Ltd All rights reserved 1063
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Fusarin Biosynthesis in Fusarium fujikuroisame m/z ratio (Figure S6). Since all precautions were under-
taken to prevent the photoisomerization of the polyene chain
as described for (10Z)-, (8Z)-, and (6Z)-fusarin C, those com-
pounds seem to be nonspecifically hydroxylated at other posi-
tions of the polyene chain (Kleigrewe et al., 2011, 2012b).
Fus2 Is Involved in the Formation of the 2-Pyrrolidone
Ring, and Fus8 Subsequently Oxidizes C-20
Molecules with a completely formed 2-pyrrolidone ring were
found in the culture filtrate of the Dfus8mutant, while all mutants
without Fus2 (Dfus2, Dfus2-9, Dfus2-9/OE::fus8) accumulate
products with an open ring structure. These data strongly
support that Fus2 is essential for the ring formation. Although
the enzyme shows similarities to a/b hydrolases and, more
precisely, to esterases and lipases, it seems to catalyze a reac-
tion commonly associated with oxygenases. Of note, the gene
cluster for the PKS/NRPS-derived pseurotin A in A. fumigatus
and the PKS/NRPS-derived cytochalasin biosynthesis in
A. clavatus NRRL 1 contain genes (National Center for Biotech-
nology Information [NCBI] accession numbers EAL85114 and
ACLA_078680) with high similarity to the F. fujikuroi fus2 (Maiya
et al., 2007; Qiao et al., 2011). This indicates that Fus2 and the
hydrolase-like enzyme from the pseurotin A and the cytochalasin
pathwaymight catalyze similar reactions. Only recently, a natural
fusion protein of a cytochrome P450 mono-oxygenase and a
hydrolase has been identified in the mycophenolic acid gene
cluster in Penicillium brevicompactum (Hansen et al., 2012).
The authors provided evidence that the hydrolase-like part of
this enzyme acts as a lactone synthase and catalyzes the ring
closure. An extended BLAST program search did not identify
any orthologous fusion protein in any of the organisms within
the NCBI database. However, in both Talaromyces stipitatus
and Phaeosphaeria nodorum, orthologs of the hydrolase-like
domain exist as single genes in PKS gene clusters in vicinity to
a P450 mono-oxygenase gene. Hansen et al. hypothesized
that the encoded hydrolase-like enzymes are involved in ring
closure of methylorsellinic acid (Hansen et al., 2012).
Up to this point, the exact function Fus2 has remained enig-
matic. However, our studies strongly indicate that this enzyme
(together with its homologs from other PKS clusters) belongs
to a class of enzymes that are able to perform a mechanism of
2-pyrrolidone ring formation. It is interesting that analysis of the
Dfus8mutant indicates that Fus2 also catalyzes the epoxidation
at C-13 and C-14 and the hydroxylation at C-15. Therefore, we
postulate that Fus2 is a multifunctional enzyme. We suggest
that it can act alone or in close cooperation with Fus8. Its func-
tion needs to be studied in more detail in the future.
To confirm our suggestion that the putative P450 mono-
oxygenase Fus8 is responsible not only for C-20 hydroxylation
of prefusarin but also for further oxidation at C-20 after the pyr-
rolidone ring closure, we analyzed the products of the Dfus8
and the Dfus2-9/OE::fus2 mutants, both missing the fus8 gene.
HPLC-MS/MS analysis revealed a mixture of products with a
closed 2-pyrrolidone ring, e.g., decarboxy-prefusarin, but
without any oxidation at C-20 in both mutants. An overview of
the analyzed mutants and their products is given in Table S1.
In conclusion, Fus1 releases a product with open ring struc-
ture that is hydroxylated by Fus8 at the C-20 atom to generate
the stable product, 20-hydroxy-prefusarin. Next, Fus2 is either1064 Chemistry & Biology 20, 1055–1066, August 22, 2013 ª2013 Elcatalyzing or supporting the formation of the 2-pyrrolidone
ring. The ring closure seems to be a prerequisite for Fus8 to cata-
lyze the further oxidation steps at the C-20 atom. Because of the
fact that small amounts of ring-closed metabolites accumulated
in the fus8mutant, the sequence of Fus8-catalyzed steps seems
to be not absolutely fixed but appears to have some degree of
flexibility in the hydroxylation of either a linear or a cyclic sub-
strate. Similar sequential oxidation processes of P450 mono-
oxygenases have been reported for, e.g., gibberellins (Bo¨mke
and Tudzynski, 2009).
In summary, we identified the fusarin C gene cluster in
F. fujikuroi consisting of nine coregulated genes. We clearly
demonstrate that only four of them are sufficient for fusarin
biosynthesis. Our data indicate that the PKS/NRPS Fus1
releases its product as an alcohol with an open ring structure that
can be oxidized by Fus8 at C-20 to form the stable 20-hydroxy-
fusarin as a likely intermediate. Most likely, Fus2 participates in
2-pyrrolidone ring closure and formation of 20-hydroxy-fusarin
by a yet-unknown mechanism. Fus8 is additionally able to use
20-hydroxy-fusarin as a substrate for C-20 oxidation, resulting
in carboxy-fusarin C. Finally, the methyltransferase Fus9 is
responsible for the formation of fusarin C.
SIGNIFICANCE
In this work, we have identified the entire fusarin gene clus-
ter in F. fujikuroi, consisting of nine coregulated genes that
are highly expressed under nitrogen-sufficient and acidic
pHconditions. TheGS and threemembers of the fungal-spe-
cific Velvet-like complex (Vel1, Vel2, and Lae1) are involved
in regulation of fusarin gene expression. By combining
gene deletion/overexpression approaches with cocultiva-
tions of pathway-specific deletion mutants and chemical
analysis, we were able to detect potential intermediates
that let us propose the putative biosynthetic pathway for
fusarin C production in a filamentous fungus. Only four
(fus1, fus2, fus8, and fus9) of the nine genes are involved in
the fusarin biosynthesis. The hybrid PKS/NRPS key enzyme
Fus1most likely releases its productwith an open ring struc-
ture. Furthermore, Fus2 is likely involved in the 2-pyrrolidone
ring formation, Fus8 oxidizes C-20 and forms carboxy-fusar-
ins, and Fus9 methylates the hydroxyl group of C-21 to form
fusarin C.
EXPERIMENTAL PROCEDURES
See Supplemental Information.
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The accession numbers of all genes are summarized in Table 1. The entire
genome of Fusarium fujikuroi and annotation of all genes was submitted to
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